We determined the effect of 4-5 weeks of di abetes on ATP recovery following global incomplete ce rebral ischemia. 31p magnetic resonance spectra of ATP, intracellular pH (pHj), and CBF (radiolabeled micro spheres) were measured in three groups of anesthetized dogs (n = 8/group): chronic hyperglycemic diabetes (pan createctomy followed by blood glucose of > to mM for 4-5 weeks); acute hyperglycemia (blood glucose of> to mM) during ischemia and reperfusion in nondiabetic dogs; and normoglycemic controls. Twenty minutes of incomplete ischemia was produced by ventricular fluid infusion to keep cerebral perfusion pressure (CPP) at to mm Hg during spontaneous variations in MABP. Intra cranial pressure was increased initially to similar levels, resulting in a similar Cushing response among the groups. However, during the final 8 min of ischemia, MABP de creased to a greater extent in diabetic (86 ± 42 mm Hg) than in hyperglycemic (162 ± 30 mm Hg) and normogly cemic (135 ± 54 mm Hg) groups and remained lower throughout 3 h of reperfusion. CPP was kept constant during ischemia, but was lower throughout reperfusion in diabetic dogs. During ischemia CBF was reduced simi larly among groups: 5 ± 3 ml . min -I • 100 g -1 in hyper glycemic and normoglycemic and 4 ± 3 ml . min -I . 100 g -I in diabetic dogs. During reperfusion early hyperemia During global cerebral ischemia, acute hypergly cemia is associated with increased neurologic dam age; however, the effects of chronic hyperglycemia secondary to diabetes on the cerebral ischemic re sponse are unclear. This is particularly true in ani-Abbreviations used: CPP, cerebral perfusion pressure; ICP, intracranial pressure; MRS, magnetic resonance spectroscopy.
Summary:
We determined the effect of 4-5 weeks of di abetes on ATP recovery following global incomplete ce rebral ischemia. 31p magnetic resonance spectra of ATP, intracellular pH (pHj), and CBF (radiolabeled micro spheres) were measured in three groups of anesthetized dogs (n = 8/group): chronic hyperglycemic diabetes (pan createctomy followed by blood glucose of > to mM for 4-5 weeks); acute hyperglycemia (blood glucose of> to mM) during ischemia and reperfusion in nondiabetic dogs; and normoglycemic controls. Twenty minutes of incomplete ischemia was produced by ventricular fluid infusion to keep cerebral perfusion pressure (CPP) at to mm Hg during spontaneous variations in MABP. Intra cranial pressure was increased initially to similar levels, resulting in a similar Cushing response among the groups. However, during the final 8 min of ischemia, MABP de creased to a greater extent in diabetic (86 ± 42 mm Hg) than in hyperglycemic (162 ± 30 mm Hg) and normogly cemic (135 ± 54 mm Hg) groups and remained lower throughout 3 h of reperfusion. CPP was kept constant during ischemia, but was lower throughout reperfusion in diabetic dogs. During ischemia CBF was reduced simi larly among groups: 5 ± 3 ml . min -I • 100 g -1 in hyper glycemic and normoglycemic and 4 ± 3 ml . min -I . 100 g -I in diabetic dogs. During reperfusion early hyperemia During global cerebral ischemia, acute hypergly cemia is associated with increased neurologic dam age; however, the effects of chronic hyperglycemia secondary to diabetes on the cerebral ischemic re sponse are unclear. This is particularly true in ani-was attenuated and delayed hypoperfusion was aug mented (7 ± 17 ml . min -I . 100 g-I by 180 min) as a result of low perfusion pressure in diabetics. However, medullary blood flow was similar among groups. End ischemic ATP was similar among groups (25 ± 34, 30 ± 25, and 4 ± 11% of baseline in normoglycemic, hypergly cemic and diabetic dogs, respectively). Following 180 min of reperfusion ATP was 87 ± 15,45 ± 38, and 7 ± 19% of control in normoglycemic, hyperglycemic and diabetic dogs, respectively. End-ischemic pHj was lower in hyper glycemic (5.94 ± 0.16) and diabetic (5.96 ± 0.08) than normoglycemic (6.32 ± 0.04) groups. By 45 min of reper fusion, pHi recovered in normoglycemic (7.02 ± 0.09) but not in diabetic (6.l3 ± 0.38) or hyperglycemic dogs (6.44 ± 0.28). This study shows that MABP, CBF, ATP, and pHi following global incomplete ischemia did not recover in diabetic dogs. In diabetics poor metabolic recovery was related to the MABP decreases during ischemia and reperfusion. These results contrast with previous studies from our laboratory showing good metabolic recovery with longer-term diabetes (3-4 months). Our findings in dicate that in this diabetic model, the cerebral ischemic response is dependent on duration of diabetes. Key Words: Cerebral ischemia-Diabetes mellitus-Hypergly cemia.
mal models of global incomplete ischemia. Our lab oratory recently reported that 3-4 months of diabe tes following total pancreatectomy in dogs resulted in a recovery of cerebral pH and high-energy phos phates following ischemia that was better than that observed with acute hyperglycemia and that was similar to that obtained in nondiabetic, normogly cemic dogs (Sieber et al., 1994) . This result was unexpected because diabetes augmented intra ischemic acidosis to the same extent as acute hy perglycemia. In contrast, Warner et al. (1992) re ported that 5-7 days of streptozotocin-induced dia-betes in rats without insulin treatment resulted in augmented ischemic damage. Differences in these studies might be attributed to one of several factors including the diabetic model, ischemia model, insu lin management, or duration of diabetes. In our pan createctomized dog model of diabetes, we found that 3-4 months of diabetes is not associated with changes in CBF or metabolism (Sieber et al., 1993a) . However, following shorter periods of dia betes, elevations in CBF and metabolism may occur (Sieber et al., 1993b) . Other investigators using chemically induced diabetes in rats have reported that regional CMRglc and regional CBF vary de pending on the length of diabetes (Mans et al., 1989; Jakobsen et aI., 1990) . Thus, alterations in CBF and metabolism occur depending on the duration of di abetes and may influence the diabetic cerebral isch emic response.
The aim of the present study was to determine the recovery of CBF, high-energy phosphates, and in tracellular pH (pHJ in diabetes of 4-5 weeks' dura tion following 20 min of global incomplete ischemia. Using this shorter duration of diabetes, we tested the hypothesis that the improved recovery of cere bral pH and high-energy phosphates that occurs with 3 months of diabetes also occurs with 4-5 weeks of diabetes.
METHODS
All procedures were approved by the institution's ani mal care and use committee. To produce diabetes, total pancreatectomy under halothane anesthesia was per formed on conditioned, purebred, male beagle dogs as described previously (Sieber et aI., 1993a,b) . Surgery was followed by a 4-to 5-week period of blood glucose man agement with subcuticular insulin injections. Daily blood samples were drawn from the foreleg vein at 8-9 a.m. (overnight fasting) and at 3 p.m. (after main feeding) for analysis of glucose. The dose of insulin was adjusted in dividually to maintain blood glucose between 10 and 17 roM throughout the day and averaged 1.1 units/kg/day (Sieber et aI., 1993a,b) . A 4-to 5-week duration of dia betes was chosen for the current study because previous experience with this diabetic model has shown that the insulin requirements stabilize 2-3 weeks postpancreatec tomy. Thus, at least 1 week was allowed following the stabilization of the diabetic state.
On the day of the experiment, dogs were anesthetized with fentanyl (50 !-Lg/kg i. v.) and pentobarbital (10 mg/kg i.v.) followed by a pentobarbital infusion (3 mg/kg/h i.v.). The trachea was intubated and lungs mechanically venti lated. Pancuronium bromide (0.1 mg/kg i. v.) was injected for muscle paralysis. Vascular catheterization was the same as previously described (Sieber et aI., 1994) . A thermistor was inserted between bone and dura to mon itor temperature. A Silastic ventricular drain catheter with multiple side ports was inserted into the lateral ven tricle for measuring intracranial pressure (ICP) and infus ing artificial CSF (Hum et aI., 1991) . A silver ball elec-J Cereb Blood Flow Metab, Vol. 15, No.4, 1995 trode was secured in a burr hole over the somatosensory cortex for measuring somatosensory evoked potentials (Hum et aI., 1991) .
The body of the dog was wrapped in a plastic bag and placed on a blanket perfused with recirculating warm wa ter. The head was held in a frame to maintain constant position of the magnetic resonance spectroscopy (MRS) coil over the skull. A 5-cm layer of fiberglass insulation in a plastic bag was laid over the MRS coil and exposed skull to maintain epidural temperature at 37-38°C. In spired O2 was �25% to maintain oxyhemoglobin satura tion. End-tidal CO2 was monitored and ventilation was adjusted to maintain an arterial partial pressure (P aC02) at 35-40 mm Hg.
To produce global incomplete ischemia, prewarmed ar tificial CSF was infused into the lateral ventricle to con tinuously regulate ICP 10 mm Hg below MABP for 20 min and thereby maintain cerebral perfusion pressure (CPP = MABP -ICP) at 10 mm Hg as previously described (Sie ber et aI., 1994) . We chose a 20-min duration of ischemia because differences in end-ischemic pHi between hyper glycemic and normoglycemic states are significant by 20 min, yet there is sufficient metabolic recovery to permit long-term survival (Hum et aI., 1991) . In addition, 20 min of global incomplete ischemia is an appropriate ischemic duration to detect differences in pHi and recovery be tween diabetic, acute hyperglycemia, and control groups (Sieber et aI., 1994) . Epidural temperature was controlled throughout the experiment and remained at 38°C. The postischemic reperfusion time period was 3 h.
Regional CBF was measured with radiolabeled micro spheres of diameter 15 ± 0.5 !-Lm (Dupont NEN Products, Boston, MA, U.S.A.) as previously described (Sieber et aI., 1993a, b) . Arterial and sagittal sinus blood samples were collected anaerobically and analyzed immediately for pH, Pco2, and Po2, with a Radiometer ABL 3 elec trode system. Arterial glucose concentration was mea sured with a Yellow Springs glucose analyzer (model 23A).
31p_MRS was performed using a Vivospec spectrome ter (Otsuka Electronics, Colorado Springs, CO, U.S.A.) with a 1.89-T, 25-cm bore superconducting magnet (Ox ford Instruments, Oxford), and spectra were obtained as previously described (Hum et aI., 1991; Sieber et aI., 1992 Sieber et aI., , 1994 . Areas under each peak were analyzed by planimetry and expressed as a percent of the control area under each peak. The average of the sum of the areas under the 13 and 'Y peaks of the nucleotide triphosphate was used for ATP. Chemical shift (0:) of Pi relative to phosphocreatine was measured, and pHi was calculated as pHi = 6.73 + log [(0: -3.07)/(5.68 -0:)]. An external standard (dimethyI 2-oxypropyl phosphorate) was used to verify spectral position when phosphocreatine disap peared. Intracellular bicarbonate ion concentration was calculated from the Henderson-Hasselbach equation us ing a pKa of 6.12, pHi measured by MRS, and sagittal sinus Pco2 with a solubility coefficient of 0.0314 mM/mm Hg (Hum et aI., 1991) . Changes in sagittal sinus Pco2 were assumed to approximate changes in tissue Pco2. After 1 h of reperfusion, the arterial base excess was corrected with sodium bicarbonate.
Three groups of dogs (n = 8 each) were studied: dia betic dogs in which fasting and afternoon blood glucose was maintained at >10 mM for 4-5 weeks; acute hyper glycemic, nondiabetic animals that were intravenously administered 50% dextrose -20 min before ischemia and were maintained on a continuous infusion of 50% dex trose at a variable rate to keep blood glucose matched to the diabetic group at > 10 mM throughout ischemia and reperfusion; and normoglycemic controls. To document antecedent blood glucose control in these groups, hemo globin AIC (Sigma, St. Louis, MO, U.S.A.) was mea sured on the day of the experiment. Phosphorus spectra were obtained at baseline in two 15-min epochs (225 free induction decays each at a 4-s pulse interval), during 20 min of ischemia in four 5-min epochs (75 free induction decays), during the first 20 min of reperfusion in 5-min epochs, and then in 15-min epochs at 30, 45, 60, 75, 90, 120, 150 , and 180 min of reperfusion. Regional CBF was measured at baseline, 12 min of ischemia, and 7, 30, 90, and 180 min of reperfusion.
Comparison of variables among groups was made by a two-way analysis of variance using a between-within de sign. If the F value for between-group effects was signif icant, then post hoc testing with the Bonferroni correc tion was performed at each point to compare mean values between groups. Data are expressed as means ± SD.
RESULTS
During the 4-to 5-week diabetic period, the dogs received 1.1 ± 0.03 units/kg/day of insulin to obtain a.m. and p.m. blood glucose levels of 13.4 ± 4.0 and 11.2 ± 4.2 mM, respectively. There was no signif icant change in body weight ( -0.4 ± 0.8 kg) over the diabetic period from an initial weight of 11.1 ± 1.5 kg. Hemoglobin A I C levels were elevated fol-lowing 4-5 weeks of diabetes (10.1 ± 1.2%) com pared with normoglycemia (7.5 ± 0.1%) and acute hyperglycemia (8.6 ± 1.4%) groups, respectively.
Arterial blood analyses in the three groups during ischemia and reperfusion are shown in Table 1 . Ar terial glucose levels in the acute hyperglycemic and diabetic dogs were similar during ischemia and reperfusion and greater than in the normoglycemic group. Arterial pH in acute hyperglycemia was de creased during ischemia and early reperfusion. Af ter 60 min of reperfusion, this difference was no longer apparent because of sodium bicarbonate ad ministration. The preischemic blood glucose, arte rial blood gases, and hematocrit in the diabetic dogs of the current study are similar to those reported in the diabetic dogs of 3-month duration (Sieber et al., 1994) . In addition, the preischemic blood gases and hemoglobin values in the 4-to 5-week diabetic dogs were not different from the values in the control or acute hyperglycemic animals (Table O. Baseline MABP was similar among groups ( Fig.  1 ). As ICP was increased, MABP increased to a similar extent initially. As ischemia was prolonged by tracking ICP at 10 mm Hg less than spontaneous variations in MABP, MABP returned toward base line values in normoglycemic and acute hypergly cemic groups. However, MABP decreased to a greater extent during prolonged ischemia in the di- Epidural temperature COc) Normoglycemia 37.3 ± 0.7 37.3 ± 0.9 37.5 ± 1.0 37.6 ± 0.9 37.3 ± 1.0 37.3 ± 1.3
Acute hyperglycemia
36.8 ± 0.7 36.2 ± 0.7 36.6 ± 0.8 36.7 ± 0.8 37.1 ± 0.9 37.2 ± 0.8 Diabetes 38.3 ± 1.0 37.4 ± 0.9 37.4 ± 1.6 37.4 ± 1.9 37.2 ± 1.9 36.6 ± 2.3
Values are means ± SD. " p < 0.05 from normog1ycemia group at respective time. Time scale is compressed after 60 min to highlight early tran sients. Intracranial pressure was increased to produce isch emia by keeping the difference between mean arterial pres sure minus intracranial pressure at 10 mm Hg. *p < 0.05 from normoglycemic group at respective time; +p < 0.05 compar ing acute hyperglycemia and diabetes at respective time.
abetic group. Consequently, ICP was tracked at a lower level and CPP was maintained at equivalent levels of 8 ± 4, 8 ± 8, and 9 ± 2 mm Hg in the normoglycemic, acute hyperglycemic, and diabetic groups, respectively, throughout ischemia (Fig. 2) . During early reperfusion, ICP spontaneously de creased to similar levels among groups, but MABP remained depressed in the diabetic group (Fig. O . During prolonged reperfusion, many dogs in the di abetic and acute hyperglycemic groups developed elevated levels of ICP, although there was no sig nificant difference among groups. Thus, CPP re mained depressed throughout reperfusion in the di abetic group as a result of a sustained reduction of MABP and a delayed increase in ICP, whereas CPP decreased after the second hour of reperfusion in the acute hyperglycemic group as a result of in creased ICP (Fig. 2) . Preischemic CBF was similar among groups and was reduced equivalently at 12 min of ischemia (Ta ble 2) . In the normoglycemic group, postischemic hyperemia was followed by delayed hypoperfusion. In the acute hyperglycemia group, postischemic hy peremia was prolonged and hypoperfusion did not occur. In the diabetes group, postischemic hyper emia was markedly attenuated and hypoperfusion was pronounced by 180 min. The pattern of blood flow in caudate nucleus, hippocampus, dienceph alon, and cerebellum was similar to that of the ce rebrum. The level of brainstem blood flow in the diabetes group was not significantly lower during ischemia, and delayed hypoperfusion was not evi dent until 180 min of reperfusion. Delayed hypo perfusion did not occur in cervical spinal cord in any group.
The decrease in A TP and phosphocreatine during ischemia was not different among groups (Fig. 3) . In the normoglycemic group, ATP and phosphocre atine recovered to near-baseline levels. In the acute hyperglycemic group, ATP and phosphocreatine re covered to � 70% of baseline during the first 2 h of reperfusion and then decreased to 45 ± 38 and 57 ± 48% of baseline, respectively, at 3 h. In the diabetes group, recovery was poor throughout reperfusion with the corresponding values of 7 ± 19 and 10 ± 29% at 3 h.
End-ischemic pHj was lower in acute hypergly- Values are mean ± SO (ml' min-I , 100 g-l), a p < 0,05 from normoglycemia group at respective time, b p < 0,05 comparing acute hyperglycemia and diabetes at respective time, cemia (5.94 ± 0.16) and diabetes (5.96 ± 0.08) than in normoglycemia (6.32 ± 0.04) (Fig. 4) . Intracellu lar pH recovered to preischemic values by 45 min of reperfusion in normoglycemia but did not recover in acute hyperglycemia and diabetes. Estimated intra cellular bicarbonate acted in the same manner as pHi' By 180 min of reperfusion, the intracellular bicarbonate was 11. 75 ± 5 in normoglycemia, 5.0 ± 5 in acute hyperglycemia, and 1.3 ± 2 in diabetes. Recovery of somatosensory evoked potential am plitude was 37 ± 15, 8 ± 19, and 0% of baseline by 180 min of reperfusion in normoglycemia, acute hy perglycemia, and diabetes, respectively. Seven of eight diabetic animals had no postisch emic recovery of CBF, MABP, or high-energy phosphates. In one diabetic dog the end-ischemic MABP was 130 mm Hg, and by 180 min of reper fusion, the MABP and CPP were 100 and 73 mm Hg, respectively. By 180 min of reperfusion, this animal recovered in a manner similar to the acute hyperglycemic animals: ATP = 53% of control; in tracellular bicarbonate = 50% of control; pHi = 6.7;and CBF = 45 ml· min-I . 100 g-l, However, this animal had no evoked potential recovery.
DISCUSSION
This study shows that MABP, ATP, and pHi fol lowing global incomplete ischemia did not recover to baseline in diabetes of 4-5 weeks' duration. Moreover, recovery of high-energy phosphates was worse than that occurring with acute hyperglyce mia. Poor metabolic recovery in short-term diabetic dogs was related to the decrease in MABP during ischemia and the sustained decrease during reper fusion. These results contrast with the excellent metabolic recovery observed with diabetes of 3-4 months' duration (Sieber et aI., 1994) . In the latter study, pHi fell to 5.97 ± 0.20 during ischemia, which was similar to that observed presently with short-term diabetes and acute hyperglycemia. With long-term diabetes, however, pHi and high-energy phosphates recovered as rapidly and to the same extent as with normoglycemia and better than that occurring with acute hyperglycemia. Thus, differ ences in metabolic recovery are not attributable to differences in intraischemic pHj• A major difference with diabetes of 3-4 months' duration was that MABP did not fall below baseline levels during ischemia or reperfusion. The decrease in MABP occurring during ischemia and reperfusion after 4-5 weeks of diabetes is indic ative of a short-lived Cushing response and may reflect an overall attenuation of the sympathetic re sponse to various stresses. For example, Pelligrino and Albrecht (1991) studied the vasodilative re sponses in chronic hyperglycemic diabetic rats at 6-8 weeks' and at 4-6 months' duration. At 6-8 weeks' duration, a blunting of both the blood pres sure response and the norepinephrine and epineph rine secretion occurred with hypoglycemia. The nondiabetic controls and the long-term diabetic rats (4-6 months' duration) did not have a significant change in blood pressure with hypoglycemia. In ad dition, elevations in brain catecholamines are J Cereb Blood Flow Metab, Vol. 15, No.4, 1995 greater in long-term (>20 weeks) than in short-term (4-6 weeks) diabetic rats (Gupta et aI., 1992) . It is unclear what effects peripheral catecholamines have over time. Following total pancreatectomy in humans, both the epinephrine and the glucagon re sponse to hypoglycemia are impaired compared with those in nondiabetic and type II diabetic sub jects (Polonsky et aI., 1984) . The diabetes induced vascular changes in l3-adrenergic receptor function may contribute to attenuation of the sympathetic stress response. Brain microvessels of streptozoto cin-induced diabetic rats have a decreased number of l3-adrenergic receptors and an attenuated CBF and pial arteriolar vasodilative response to isopro terenol (Mayhan, 1993 (Mayhan, , 1994 . Altered CBF re sponses to propranolol occur in our diabetic dogs as well (Sieber et aI., 1993a) . These alterations in ad renergic responses at the receptor level and possi ble impairment of catecholamine secretion lead one to postulate that if MABP support had been at tempted in the diabetic animals during reperfusion, better metabolic recovery might have occurred. In our short-term diabetic animals, MABP decreased during late ischemia and did not rebound during early reperfusion. The poor metabolic recovery in animals exhibiting this hemodynamic behavior is consistent with studies of global ischemia on non diabetic animals, which suggests that recovery is dependent on MABP during early reperfusion (Sa far et al., 1976; Hossmann, 1988) . There may be differences in cerebral metabolism at 4-5 weeks vs. 3 months of diabetes in dogs that may explain the different responses to ischemia. Previous studies by our laboratory report that in the anesthetized state, cerebral O2 consumption was higher in diabetes of 6 weeks' duration than in the nondiabetic state (Sieber et al., 1993b) . However, it is unclear whether these changes were secondary to diabetes, anesthesia, or the stress of acute surgery. In a second study using 3-month diabetic dogs with surgical stress eliminated by chronic catheteriza tion, there was no difference in O2 consumption or CBF between diabetes and nondiabetes in either the awake or the anesthetized state (Sieber et al., 1993a) . The differences in O2 consumption between the 6-week and the 4-month diabetic animals may have been secondary to metabolic changes occur ring following acute surgery (Sieber et at., 1993a) . Although it is clear that no diabetes-induced changes occur in CBF and O2 consumption after 3 months in our model, the changes occurring at 4-6 weeks are not well defined. Differences in cerebral metabolism have been noted by other authors. Ja kobsen et al. (1990) found that diabetes produces a biphasic effect on cerebral metabolism. In strepto zotocin-induced diabetic rats, 2 days of diabetes in creased glucose metabolism in basal ganglia and neocortex. After 4 months of diabetes, glucose me tabolism was decreased in basal ganglia and white matter. Similarly, Mans et al. (1989) reported that glucose metabolism increased by 20% at 1 week following induction of diabetes and returned to nor mal by 4 weeks.
The diabetic animals' poor recovery may not be secondary to the diabetes itself, but may be caused by incomplete recovery from surgical pancreatec tomy. It is unclear whether osmotic shifts with this type of surgery have reached equilibrium by 4-5 weeks. These changes, if they exist, may increase susceptibility to ischemia. Also it is unclear wheth er the mechanism provoking the MABP decreases in the diabetic group is secondary to a central or peripheral effect. In this regard, brainstem blood flow was similar among groups, suggesting that the degree of ischemia in cardiovascular centers was not worse with diabetes.
Approximately 2 months of poorly controlled di abetes is the critical time period for CBF recovery following global incomplete ischemia. This conclu sion is based on the current study and previously reported observations from our laboratory that ex amined both CBF/metabolism and brain ischemic response (Sieber et al., 1993a (Sieber et al., ,b, 1994 . In addition, we have performed experiments on two diabetic dogs of 2 months' duration and found that recovery of high-energy phosphates and CBF was similar in these animals to that observed in the 3-month dia betic animals (Sieber et al., 1994) .
In summary, this study revealed that dogs with diabetes of 4-5 weeks' duration had poor recovery of MABP, ATP, and pHi following global incom plete ischemia. This study contrasts with our pre vious results using a similar protocol that showed excellent metabolic recovery with diabetes of 3 months' duration. The primary difference in brain ischemic response between the diabetic groups of the two studies is the MABP during reperfusion. Possible mechanisms for these findings may relate to changes in cerebral metabolism, attenuation of sympathetic stress response, or incomplete recov ery from pancreatectomy in the 4-to 5-week dia betic animals. Regardless of the mechanism, it is important to emphasize that the cerebral ischemic response may differ markedly depending on the length of diabetes.
